Magnetoresistance, noise properties and the Koshino- Taylor effect in the quasi-lD 

oxide KRu^Og 



Alain Pautrat 

Laboratoire CRISMAT, UMR 6508 du CNRS, ENSICAEN et Universite de Caen, 6 Bd Marechal Juin, F-14050 Caen 4. 



(N 

o 

(N 
S3 



CO 



CZ5 



S3 

o 
o 



> 

7— 1 
o 

(N 



X 



Wataru Kobayashi 

Graduate School of Pure and Applied Sciences, University of Tsukuba, Ibaraki 305-8571, 
Japan; Tsukuba Research Center for Interdisciplinary Materials Science (TIMS), 
University of Tsukuba, Ibaraki 305-8571, Japan; PRESTO, 
Japan Science and Technology Agency, Saitama 332-0012, Japan. 

The low temperature electronic and galvanomagnetic transport properties of the low dimensional 
oxide KRU4O& are experimentally considered. A quadratic temperature variation of the resistivity 
is observed to be proportional to the residual resistivity. It shows the role of inelastic electron 
scattering against impurities, i.e. a large Koshino- Taylor effect, rather than a consequence of strong 
electronic correlations. In the same temperature range, the Kohler rule is not fulfilled. The resistance 
noise increases also sharply, possibly due to a strong coupling of carriers with lattice fluctuations in 
this low dimensional compound. 

PACS numbers: 72.15.Gd,72.70.+m,75.47.-m 



I. INTRODUCTION 



Hollandite crystals have been the subject of a number 
of investigations, due to their interesting physical prop- 
erties intimately related to their low dimensional char- 
acter [H-Q- The hollandite structure is based on double 
chains of MOe octahedra (M=transition element such 
as Ru, Rh...) conferring a quasi-one dimensional (ID) 
structure. Recent calculations of the electronic structure 
of KRunO% indicate that the Fermi surface itself has a 
quasi-lD nature, with two sheet-like surfaces which are 
parallel and separated by a wave vector ir/c [7j. This 
result is in agreement with reports of anisotropic elec- 
tronic conduction mechanisms and possible dimensional 
cross-over in hollandites [H, ■ 

In a pure ID electronic interacting system, only col- 
lective excitations can exist. A Fermi liquid description 
is not possible and is replaced by a Tomonaga-Luttinger 
liquid with spins and charges separation [8j4l0|- Recently, 
a strong violation of the Wiedeman- Franz law in the low 
dimensional purple bronze Lig gMoeOn was found con- 
sistent with Tomonaga-Luttinger liquid theory flU . In a 
low dimensional system, it is well known that a charge 
density wave instability due the electron-lattice coupling 
can also be expected, resulting in a low temperature re- 
sistivity upturn. This is not observed in KRu^Og which 
shows a metallic behavior along the conducting chains 
with no anomaly down to low temperatures (T = 1.8 K). 
This is in agreement with the imperfect nesting of the 
Fermi surface reported in Q ■ The strong warping of the 
two parallel pairs of Fermi surfaces of KRu^Og, [7| indi- 
cates also that the system is not perfectly ID and that 
interchains coupling is substantial. As a consequence, 
there is a place for physical properties at a dimension 
larger than one at low temperature, such as Fermi liq- 
uid transport properties p-[lfj]. For example, 3D Fermi 



liquid properties are recovered at low temperature in the 
Quasi-lD cuprate PrBa2CuiO% [1 21 ] - Opposite temper- 
ature dependence for the in plane and out of plane resis- 
tivity have been reported in KRu^O% for a temperature 
T>180 K 0], as expected for quasi-lD electronic trans- 
port showing incoherent transverse conduction. How- 
ever, the electronic anisotropy appears strongest at low 
temperature, a result which is not expected in quasi- ID 
materiels where the interchains hopping takes place at 
low temperature leading to a more 3D behavior. Note 
that another hollandite Ba\.iRh%0\§ @ shows a behav- 
ior more in line with this expected dimensional crossover. 
It suggests that if KRu^O^ presents the quasi-lD Fermi 
surface, some additional resistive processes could take 
place at low temperature. 

The characterization of a Fermi liquid is often based 
upon the thermal variation of the resistivity. A quadratic 
term AT 2 is expected at low temperature for Landau 
quasiparticle-quasiparticle interaction, i.e. a Fermi liquid 
behavior, for dimensions greater or equal to two [8J|. Its 
observation can indicate that the system has free quasi- 
particle excitations and invalidates a priori the existence 
of a more exotic electronic state imposed by a ID motion 
of interacting electrons [1[ . Then, the transition from a 
T 2 to a different power law can indicate a transition from 
a Fermi Liquid to non Fermi liquid behavior, i.e. from a 
2D or 3D to a ID behavior. Experimentally, the analysis 
of the low temperature resistivity is however not trivial 
due to the unavoidable sample disorder and impurities 
[l^ . In particular, metallic oxides present different kind 
of structural defects and disorder (cationic and oxygen 
disorder for instance) which result in a large residual re- 
sistivity Pq. 

Assuming Matthiesen rule to hold, the resistivity can 
be written in the form 



2 



p = po + AT 2 + Pph (1) 

with pph the resistivity due to phonon scattering. At a 
low temperature, p p h is negligible and the T 2 dependence 
can be observed. As discussed in [13] , the quadratic tem- 
perature dependence can also arise from different mecha- 
nisms: not only carrier-carrier scattering through strong 
coulomb interactions [H, Il5| but also from carrier mag- 
netic moment scattering [lj|. Another possible mecha- 
nism is the so-called Koshino- Taylor effect describing in- 
elastic scattering against impurities fl7l . [l8j . This effect 
is particular in the sense that po can not be simply sub- 
tracted to extract the intrinsic resistivity. Including all 
terms, the low temperature resistivity should be rewrit- 
ten as [13] 

p = Po (l + BT 2 ) + AT 2 + p ph 

= Po + {B Po + A)T 2 + Pph (2) 
= pa + oT 2 + p ph 

In principle, extracting the coefficient A of strong cor- 
relations requires then to plot the slope a of p versus T 2 
(at low temperature where the phonon contribution to 
the resistivity freezes out). Different values of po can be 
obtained by tuning the pressure or by measuring samples 
with different amount of disorder. If a does not depend 
on po, then a Fermi- liquid scenario can be inferred. Oth- 
erwise, inelastic scattering by impurities is likely the rele- 
vant mechanism. In classical metals, the Koshino Taylor 
effect is a small effect but can be observed [19(. It has 
been shown to be more important for at least two recent 
and highlighted materials, in superconducting pnictides 
[2fl ] and in graphene [2f|. In the latter case, the low di- 
mensional character of graphene was shown to be a possi- 
ble reason of a reinforced strength of the Koshino- Taylor 
effect compared to ordinary metals. 

We report here measurements of the magneto- 
transport properties of the metallic and paramagnetic 
low dimensional oxide KRunO% for samples from the 
same batch but with different residual resistivities. The 
Koshino- Taylor effect is observed to be strong and domi- 
nant at low temperature, and is simultaneous with a large 
resistance noise. 



II. EXPERIMENTAL 

KRu^Oa is an alkaline ruthenium hollandite. Single 
crystals of KRu^Os were grown by using a flux method 
as described in [4{. The obtained crystals have a needle- 
like form with a typical dimension of I mm x 0.05 
mm x 0.05 mm. Unit-cell parameters are a— 9. 913(5) 
A, and c=3. 108(5) A. For the resistance measurements, 
four gold wires with a diameter of 20 pm were glued 
with silver paste. To obtain a low contact resistance, 



the sample was annealed at 673 K during 10 min in 
air. The samples present low residual resistivities, typ- 
ically in the ptl.cm range, close to the best crystals of 
Sr2RuO^ where unconventional superconductivity has 
been observed [221 ] . Transport measurements have been 
performed in a PPMS Quantum Design equipped with a 
14T magnet and a rotator. For the noise measurements, 
we use a home made sample holder. The sample is bi- 
ased with a noise free current supply of 100 mA, voltage 
time series are amplified using ultra low noise preampli- 
fiers (SA-400F3) enclosed in a thick box and the signal 
is then anti aliased and Fourier transformed in real time 
using a PCI acquisition card (see details in (23[). In what 
follows, p will stand for the resistivity along the chains, 
i.e. along the c-axis. 



III. GALVANOMAGNETIC PROPERTIES AND 
KOSHINO-TAYLOR EFFECT 

In the figure 1 is shown a typical p(T) curve, very 
similar as previous reports 0, [3]. The metallic char- 
acter is pronounced, and the residual resistivity is low 
for an oxide (in the ptt. cm range), giving a RRR ratio 
P300k/P2K ~ 96 for the purest sample. Contrarily to an- 
other quasi-lD hollandite Bai^RhgOiQ Q, no upturn of 
the zero field resistivity is observed at low temperature. 
An estimation of the electronic mean free path I along 
the chain using the relation p = a 2 Trh/ (2e 2 )£ [13] gives a 
rather large mean free path I w 130 nm at 2K. 

At low temperature where the phonon resistivity 
freezes out, a classical approach is to fit p(T) as a power 
law T 13 . (3=2 is expected for electron-electron (Baber- 
Landau) scattering (l5j |. carrier- magnetic moment scat- 
teri ng Il6| and scattering by impurities and dislocations 
F4L_[l7l . I la. . Since KRu/JD% is a Pauli paramagnet 
l], |3], only the first and third cases have to be consid- 
ered. An exponent of /3=2.7 has been previously reported 
in KRu^Os for temperature lower than 62 K and was 
discussed as arising from electron-electron umklapp scat- 
teringin a ID conductor [3], as described by Oshiyama 
et al [251 . However, the two pairs of warped Fermi sur- 
face needed to realize this umklapp scattering were not 
observed in Q- We have measured three samples of the 
same batch exhibiting different residual resistivity po, im- 
plying different impurities concentration. Depending on 
Po, the thermal variation of the resistivity at the lowest 
temperatures (typically below 50 K) exhibits different 
power law dependences. This variation is at least partly 
due to the resistivity saturation, i.e. its intrinsic nature 
is difficult to prove. Contrarily, a T 2 component is ob- 
served for all samples and for temperatures slighly larger 
than the temperature where p starts to saturate (inset 
of fig.l). An important observation is that the slope a 
of p = f(T 2 ) in the equation(2) is different for the three 
measured samples (fig. 2), with differences significantly 
larger than the uncertainty in the values of a (error bars 
are due to approximations when measuring the sample 
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size and the distance between contacts). As discussed 
above, it implies that electron-electron scattering alone 
can not explain the T 2 dependence of the resistivity. As 
shown in fig. 2, the data can be describe by the equa- 
tion a = A + Bpo, with a slope B s» 5 x 10~ 4 A -2 and 
A s» 0. We conclude that the Fermi liquid component 
A is extremely low here, and the Koshino- Taylor com- 
ponent is dominating. Note that the Sommerfeld coef- 
ficient of KRu^Os is about 3 mJ/molR U K 2 [l|. It cor- 
responds to a moderately renormalized mass of carriers, 
in agreement with a "non strongly correlated" charac- 
ter implied by the very low value of A. The Value of 
B is orders of magnitude larger than Koshino- Taylor ef- 
fects reported in the literature. More precisely, Taylor's 
prediction was B ~ QA/6 2 D for conventional metals, i.e 
B ~ 7 x lCT 8 !f- 2 using 6 D w 370AT [J what is largely 
lower than our experimental value. In the layered iron 
arsenide LaFeAsOo.gFo.i, a value of B » 6 x 10~ 6 K~ 2 
was reported [gjj, and B » lO -5 ^ 2 in Nb-Ti Q. Our 
value is closer to what was reported in Al^Zr where 
_B rs 1 x 10~ 4 A -2 [IB]. An unusual large transverse 
electron-phonon coupling was then suggested (26[. A 
large Koshino- Taylor effect was recently discussed for the 
graphene, taking into account the low dimensional char- 
acter of the lattice fluctuations [2l|. We propose that a 
similar argument should be applied to KRu^Og which 
presents a quasi-lD lattice. The predicted TlnT depen- 
dence of the Koshino- Taylor correction to the resistiv- 
ity is not observed however, in a reasonable tem- 
perature range. Note that a T 2 lnT dependence gives 
a sightly better agreement than a pure T 2 dependence 
in our data because it extends down to lowest tempera- 
ture. This dependence was deduced in the extension of 
electron phonon impurity interference theory of Reizer- 
Sergueev at low dimension [27j . It could explain the non 
Fermi liquid like dependence reported in some KRu^Og 
samples Q. We would like to stress that if it is difficult 
to conclude on the exact temperature dependence, i.e. 
T 2 or T 2 lnT, the dependence on the residual resistivity 
is a strong support to consider here inelastic scattering 
against impurities as a major process. 

The magnetoresistance MR= (p(B) — p(0)) / p(0) is pos- 
itive for all temperatures and shows strong angular an- 
gular dependence (see fig. 3), being consistent with both 
a Lorentz force driven MR and a large anisotropy of the 
Fermi surface in our geometry. A MR of more than 90 
% is observed at 14T and at low temperature (T=1.8 K, 
fig. 3). This large value is consistent with the large mean 
free path of KRu^Og. As shown in the figure 3, the 
MR at low field has a non quadratic field dependence, 
and can be fitted by a 1.3 power law. A conventional 
and metallic MR is supposed have a low field B 2 compo- 
nent, but lowest exponents in the range 1.3-1.5 have been 
already reported in low dimensional bronze oxides [28j j . 
organic conductors [29| or in metallic nanowires such as 
Bi 30]. No clear saturation of the MR can be observed 
up to 14T. At the lowest temperature that we have mea- 
sured (T=1.8K), the MR tends to curve downward at 



large field, indicating an incipient saturation. This can 
be described by a two band model with uncompensated 
carriers [3l|, similarly to (28[. 

The Kohler plot Ap/p Q = F(B/T) of MR shows that 
the galvanomagnetic processes can be separated in two 
temperature ranges (fig.4). For T < T* ral8 K, the MR 
curves are superimposed on the same plot. For T > T*, 
the Kohler rule is not supported by the data. As a gen- 
eral rule, the Kohler rule applies in the case of a sin- 
gle scattering process (32|. This is the case for T < T* 
where the resistivity becomes temperature independent 
and tends to the residual resistivity value. At larger tem- 
perature T > T*, the contribution of the Koshino Taylor 
resistivity becomes apparent and breaks the Kohler rule, 
as expected if the two scaterring processes have differ- 
ent magnetic field dependence. Note that the magnetic 
field dependence of MR is unchanged when crossing T* , 
strongly suggesting that the Koshino- Taylor mechanism 
contributes to the zero field resistivity but not signifi- 
cantly to the MR. 



IV. NOISE PROPERTIES 

Noise is a powerful tool to investigate the low frequency 
dynamics of electronic processes [33j , and appears partic- 
ularly interesting for low dimensional systems since fluc- 
tuations increase in principle when dimensions shrink. 
The experimental quantity is here the noise spectrum 
Syv of the fluctuating voltage from the sample, using 
the set-up described in the experimental part. The noise 
values present a quadratic dependence with the applied 
current, as expected for noise driven by the fluctuations 
of resistance. After analyzing the time series of noise 
spectra , there is no evidence of non Gaussian compo- 
nents of the noise (it corresponds to a white so called 
second spectrum [3J]). It can be assumed then that the 
noise arises from uncorrelated random processes. 

We have measured Syv of KRu^Og as function of 
the temperature under a constant 100 mA current. 
Noise values are large when comparing with conventional 
metals, but also large compared to another Hollandite 
Bai ^RhgOiQ where the noise was not measurable with 
the same experimental set-up To discuss normalized 
values between different materials of different resistances, 
the Hooge parameter 7 = Svv/V 2 n c Tf a is usually em- 
ployed [35(. n c is the carrier density (n c « 2.10 22 cm~ 3 
[J]), r is the noisy (probed) volume and a fts 2 here. 
We deduce 7 ~ 450, i.e. four order of magnitude larger 
than metallic values which are around 0.01 [35|. Such 
a large value is not rare in oxides, as for example re- 
ported in colossal magnetoresistance manganites, Fe^O^ 
(7 - 80) and in Cr0 2 (7 ~ 2000) [ifj. Note that for 
low dimensional conducting processes, assuming that the 
noisy volume V corresponds to the whole volume between 
the probes is an overestimation if inhomogeneous charge 
propagation paths exist. The temperature dependence of 
7 is shown in fig. 5. Interestingly, it increases sharply 
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in the same temperature range where the T 2 component 
of resistivity dominates, and then tends to saturate at 
low temperature. It shows a direct correlation between 
the change in the scattering processes and the electronic 
fluctuations. Consequently, we have to associate the re- 
inforced resistance fluctuations with the scattering from 
impurities due to the Koshino- Taylor effect. It has to be 
emphasized that the spectral shape of the noise is l/f a 
with a « 2 for the whole temperature range (inset of 
fig. 5). Noise usually arises from the activated motion of 
defects, dislocations or impurities. These processes can 
have an intrinsic Lorentzian spectrum which presents a 
I// 2 dependence for frequencies large enough [3j|. How- 
ever, at a macroscopic scale, the distribution of energy 
barriers results in a I //-like noise [13] ■ a « 2 is then 
rarely observed in bulk materials compared to a w 1 
[33j. For example 1/f 2 noise can be caused by stress in- 
duced dislocations or strain relaxations [381 ] . but it has 
been rarely observed in metals where 1// noise dominates 
[39| except when the sample was submitted to very large 
strains [40]. A I// 2 power spectrum corresponds also 
to a Brownian noise and arises directly from the statis- 
tics of a ID random walk. We propose that the I// 2 



dependence of the spectrum is here characteristic of the 
ID nature of charges fluctuations. Of course, it would 
be necessary to perform similar experiments in other ID 
or quasi ID oxides to strengthen this result. The strong 
increase of the normalized noise for T<150 K appears 
when the T 2 component of resistivity appears, i.e. the 
large Koshino- Taylor effect, revealing a strong coupling 
between the charges fluctuations and the fluctuations of 
the lattice. We note that an anomalous temperature de- 
pendence of the Seebeck coefficient was reported in the 
same temperature range 

In conclusion, we have measured the galvanomagnetic 
properties and the resistance noise of quasi-lD hollan- 
dites KRuiO%. Despite the relative cleanest of the sam- 
ples revealed by the low residual resistivity, a very large 
inelastic scattering of carriers by impurities is revealed 
by the analysis of the transport properties. It can be due 
to the importance of the local fluctuations of the lattice 
in this highly anisotropic material as discussed in (2lj . 
Accordingly, the resistance noise is strongly reinforced at 
low temperature and the l// 2 spectral form of the noise 
is likely characteristics of the ID nature of the carriers 
paths. 
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FIG. 2: Slope of p~f(T 2 ) for different values of the residual 
resistivity po, each corresponding to a different crystal from 
the same batch. The dotted line is a linear fit discussed in 
the text and expected for the Koshino- Taylor mechanism. 



FIG. 1: Resistivity of KRu&Og, as function of the temperature 
(1=500 AtA). Inset: Resistivity of KRu^Og as function of T 2 . 
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FIG. 3: Magnetoresistance MR = (p(B) -p(0))/p(0) as func- 
tion of the magnetic field for different geometries and for 
T=1.8 K. The solid line is a fit using a two bands model 
[3l| . In the inset is shown the low field part to evidence the 
B 1 ' 3 dependence. 
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FIG. 4: Kohler Plot of the magnetoresistance for T < 18K 
(top) and T > 18K (bottom). The Kohler rule is fulfilled 
at low temperature but not when the resistivity starts to be 
temperature dependent. 
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FIG. 5: Hooge parameter 7 (normalized noise value) as func- 
tion of the temperature. Note the strong increase of 7 for 
T < 150A'. In the inset are shown the typical voltage noise 
spectra at T = 300, 200, 100 K from top to bottom (I = 100 
mA). 



